Quality control is a crucial issue in the injection molding process with target of obtaining a high yield rate and reducing production cost. Consequently, effective methods for monitoring the injection conditions (e.g., pressure, velocity, and temperature) in real-time and adjusting these conditions adaptively as required to ensure a consistent part quality are essential. This study proposes a quality index based on the clamping force increment during the injection cycle, as determined by four strain gauges attached to the tie bars of the injection molding machine. Also, various quality indexes for online quality monitoring and prediction purposes based on the pressure, viscosity, and energy features extracted from the pressure profiles obtained at the load cell, nozzle, and molding cavity, respectively, are compared. The feasibility of the proposed quality indexes is investigated experimentally for various settings of the barrel temperature, back pressure, and rotational speed of the plasticizing screw. It is shown that all of the quality indexes are correlated with the injection-molded quality and hence provide a feasible basis for the realization of an on-line quality monitoring and control system. Particularly, the tie-bar elongation quality index requires no modification or invasion of the injection molding system or cavity and hence provides a particularly attractive solution for monitoring and controlling the part quality.
Introduction
Injection molding is a well-established technique for the mass production of plastic components. With its advantages of low cost, high efficiency, good versatility, and the ability to produce precise and complex components, injection molding is used in many fields nowadays, including electronics, sports goods, automobile components, and optical lenses. However, ensuring a consistent quality of injection-molded parts is highly challenging since the melt quality is readily affected by variations in the raw material properties, plasticizing and injection molding conditions, and machine motion characteristics. Importantly, even though current all-electric driven injection molding machines provide an extremely precise motion control, even very small variations in the raw material properties and/or plasticizing and injection molding conditions may result in significant variations in the molding quality. Furthermore, current inspection techniques focus mainly on the quality (e.g., geometrical dimensions and surface defects) of the final molded components. In other words, while they can confirm that the molded components satisfy the design criteria, in the event that they do not, they provide no clues as to why this is the case. Hence, such methods not only are time-consuming and expensive, but are also of only limited use in adjusting the injection molding conditions adaptively in such a way as to improve the consistency of the molding quality. Consequently, more effective methods for performing the on-line monitoring and control of the part quality are urgently required.
Literature Review
The injection molding process has traditionally been regarded as something of a "black box" since the flow behavior of the molten polymer within the cavity is unseen. Consequently, the process parameters are generally controlled through either statistical methods or simply the 2 Advances in Polymer Technology personal experience of the operator. The plasticizing process in the injection molding procedure is usually performed using a reciprocating single screw that conveys, melts, and meters the molten polymer at a constant rotational speed. However, significant variations in the plasticizing quality are often observed, even when the screw motion is precisely controlled. Amano and Utsugi investigated the effects of the various injection molding parameters on the plasticizing quality and found that the quality was dominated by the shear heat in the metering zone and the absorption of the heat energy in the compression and feeding zones, which is determined primarily by the residual time of the molten polymer within the barrel [2] [3] [4] . In general, a long screw length is essential to ensure sufficient time for the raw materials to be properly heated as they pass through the feeding and compression zones, while a high rotational speed of the feed screw is necessary to expand the temperature variation of the molten polymer. Latif and Saidpour investigated the effect of the plasticizing parameters on the melt quality of PP, HDPE, and LLDPE polymer materials blended with master one percent batch colored pigment separately and found that a high back pressure and high screw rotational speed enhanced the shear rate of the molten polymer and improved the plasticization quality as a result [5] . Similar findings were also reported in the later studies of Tanoue et al. and Zhou et al., respectively [6, 7] . Khoshooee and Coates used the Taguchi robust design method to examine the effects of the back pressure, screw rotational speed, barrel temperature, screw retreat position, and speed on the plasticization quality of acrylonitrile butadiene styrene (ABS) materials [8] . The results showed that the melt quality was dominated by the barrel temperature and back pressure at slow rotational speeds of the screw. Jin et al. investigated the solid bed breakup behavior of a standard reciprocating injection screw and found that the breakage was determined mainly by the temperature and pressure of the molten polymer [9] . Hence, a careful control of the process parameters during the plasticizing process is essential to ensure the quality of the final molded components.
Modern all-electric driven injection molding machines provide highly precise and stable motion control. Moreover, the use of grey prediction methods to optimize the filling-to-packing switchover point can further enhance the quality consistency of the molded products [10] . However, minor changes in the melt quality inevitably occur during the injection molding process, and these variations cannot be entirely compensated by even the most precise motion control of the machine [11] . Even very small variations in the molten polymer quality may cause significant changes in the mechanical properties and dimensions of the molded part [12, 13] . As a result, it is essential that the melt quality be monitored in some way during the molding process such that the processing parameters can be modified if required. Accordingly, various p-V-T (pressure-volume-temperature) measuring methods have been proposed for predicting the melt quality [14] [15] [16] [17] . Many studies have confirmed that an effective control of the p-V-T path of the molten polymer during the injection molding process improves the quality and consistency of the final product [18] [19] [20] [21] . Wang and Mao showed that the injection molding quality is determined mainly by the pressure and temperature conditions [22] . However, in practical online quality inspection and motion control systems, the pressure signal is generally preferred since the response time is relatively quicker than that of the temperature signal [23] [24] [25] [26] [27] [28] .
The quality and reproducibility of injection molded components are highly correlated with the flow resistance (i.e., viscosity) of the molten polymer. However, the viscosity is traditionally measured off-line using a rheometer, and hence the measurement results are of little value in tuning the injection molding parameters adaptively in response to subtle changes in the melt quality. Hence, Gornik proposed an inmachine melt quality measurement system, in which the volumetric flow rate of the molten polymer passing through the nozzle in 10 minutes was detected using a special sensor installed within the nozzle [29] . The author additionally proposed a torque rheometer for online viscosity estimation based on the ratio of the energy consumption to the metering volume during the plasticizing stage. Aho and Syrjälä used a slit die equipped with pressure sensors to estimate the melt viscosity by measuring the ratio of the pressure gradient within the die to the volumetric flow rate of the molten polymer passing through it [30] . Kruppa et al. presented a feedback control method for calculating the viscosity of the molten polymer based on the detected nozzle pressure and temperature [31] . Asadizanjani and Gordon developed a multivariate sensor for controlling the melt quality based on pressure, temperature, and velocity measurements of the molten polymer [32, 33] . Montgomery and Gallo found that the change of the cavity pressure during the cavity filling stage (ûP/ût) is proportional to the melt viscosity and hence provides a feasible means of predicting the part quality [34] . Lin et al. designed a pressure sensor bushing mounted around the nozzle for the online estimation of the molten polymer viscosity [35] . Chen et al. proposed an online melt quality monitoring system based on four quality indexes (i.e., the peak pressure, pressure gradient, viscosity index, and energy index) extracted from the signals collected from three pressure sensors mounted in the nozzle, runner, and cavity, respectively [36] . These quality indexes provide a convenient and effective means of monitoring shot-by-shot variations in the melt quality during continuous injection molding processes. As to the present study, we further proposed an online part quality inspection method based on quality indexes, in particular, a new quality index based on the clamping force increment during the injection cycle, as determined by four strain gauges attached to the tie bars of the injection molding machine. The tie-bar elongation quality index requires no modification or invasion of the injection molding system or cavity and hence provides a particularly attractive solution for monitoring and controlling the part weight quality.
During the filling phase of the injection molding process, molten polymer flows into the cavity under high temperature and pressure conditions. As the cavity fills, the pressure gradually increases. At the moment the voids in the cavity become completely full, the polymer material undergoes an instantaneous compression effect, which causes a sudden rise of the cavity pressure and a corresponding separation of the mold. Based on this observation, Chen et al. proposed a method for controlling the filling-to-packing switchover point by measuring changes in the tie-bar elongation profile using strain gauges attached to the tie bar structures [24, 37] . Yin et al. similarly presented a method for minimizing warpage in the injection molding process by optimizing the clamping force using a backpropagation neural network and a genetic algorithm [38] . Huang et al. confirmed that a proper setting of the clamping force is essential to enhance the quality and consistency of injection molded parts [39] . Zhao et al. developed a methodology based on ultrasonic technology to in situ detect clamping force [40, 41] , and the advantages are simple, practical, and nondestructive.
In summary, current injection molding quality estimation methods generally exploit the signals obtained from pressure sensors located in or near the molding cavity. Such methods provide an effective approach for estimating the melt quality and tuning the processing conditions accordingly. However, they incur an additional cost in procuring the sensors and increase the time and expense of the mold setup process. Furthermore, an extremely precise positioning of the sensors is essential to prevent damage to the component during the molding process. Accordingly, the present study not only proposes three quality indexes based on the peak pressure, viscosity, and energy features extracted from the load cell, nozzle, and cavity pressure profiles, respectively, but also proposes an additional quality index based on the change in the clamping force during the injection cycle, as determined by four strain gauges mounted on the tiebar surfaces. The feasibility of the various quality indexes for estimating the part quality is evaluated experimentally for various settings of the barrel temperature, back pressure, and rotational speed of the plasticizing screw, respectively. Figure 1 shows the pressure profiles detected by four sensors located at the load cell, nozzle, and two cavities of the injection mold, respectively, in the injection molding process. For each pressure profile, the peak pressure index, P peak , indicates the maximum absolute pressure detected by the corresponding sensor during the filling, packing, and holding stages. In general, molten polymers with a higher viscosity have a relatively larger flow resistance and hence require a greater force to accomplish mold filling. According to Hele-Shaw theory, the flow behavior of the molten polymer in the molding cavity is analogous to that of viscous fluid flow within a slit [39] . Thus, the flow velocity in the x-direction varies as a function of the viscosity , the pressure drop ûP over a flow distance L, and the width w and height h of the cavity [35] , i.e.,
Derivation of Quality Indexes
As shown in Eq. (1), the flow velocity profile is parabolic over the cavity height (i.e., the molded component thickness), and hence the maximum velocity, V , = (ℎ 2 /8 )(Δ / ), appears in the mid-height position of the cavity. Averaging the flow velocity along the height direction, the Hele-Shaw flow formulation can be further derived as
where Q is the volumetric flow rate. Furthermore, the instantaneous viscosity can be expressed as
In other words, the instantaneous viscosity of the molten polymer is directly proportional to the cavity height and pressure drop, ûP, multiplied by a short time duration, ût, and is inversely proportional to the flow distance L along the flow path during time ût. For a given set of processing parameters (e.g., injection speed, holding pressure, and holding time), the injected volume of molten polymer in each shot is theoretically constant, and hence the flow distance L can also be taken as a constant for a uniform thickness h of the molded specimen.
The instantaneous viscosity given in Eq. (4) provides an indication of the flow resistance experienced by the molten polymer over a particular filling and holding distance. Hence, the present study proposes a new quality index designated as the melt viscosity index, I@flow , defined as
where C is a constant with a value which depends on the geometry of the mold cavity; P(t) is the pressure signal detected over time by the corresponding sensor; and t o and t n represent the beginning and end times of the filling and holding process, respectively. The mechanical energy consumed by the reciprocating screw in each shot is proportional to the viscosity of the molten polymer [29] . Accordingly, the present study proposes a further quality index, referred to as the energy index, E I , which quantifies the energy consumed per shot by integrating the pressure profile with respect to the screw position (see Figure 2 ), i.e.,
where is the initial position of the screw and is the position of the screw at the end of the filling and holding process.
In injection molding systems, press-on strain sensors enclosed in a stainless steel protective foil and wrapped tightly around the cylindrical surface of the tie bars can be used to measure the surface strain directly at the mounting location in a manner similar to that of bonded tie-bar strain sensors used to measure the clamping force. In particular, the signals obtained from the press-on strain sensors yield the following measurements [38] :
where i is the strain of the i th tie bar in micrometers; E is Young's modulus of the tie bar material (i.e., 210,000 N/mm 2 for the injection molding machine used in the present study); A is the cross-sectional area of the tie bars in squared millimeters; and Σ are the clamping force of the i th tie bar and the total clamping force (in kN), respectively, and n is the total number of tie bars. In Eq. (8), the item 10 6 in the denominator is used for the unit of clamping force to be kN. Mold separation typically takes place during the period from the end of the filling stage to the end of the packing/holding stage and has a magnitude dependent on the cavity size and raw materials employed. While mold separation can often be tolerated within a limited range (e.g., 75 m), larger separations result in flash and other undesirable quality defects. Hence, the clamping force must be carefully controlled. In practice, the mold separation effect induces an additional extension of the tie bars and hence increases the clamping force beyond the nominal value specified in Advances in Polymer Technology 5 Clamping force increment of tie-bar A extracted from the strain gauge mounted on tie-bar A the design process. As shown in Figure 3 , the clamping force increases rapidly toward the nominal design value as the filling, packing, and holding process proceeds and then suddenly spikes at the moment the cavity becomes completely full and the polymer resin undergoes compression. The increment in the clamping force, Σ, , is hence defined as an additional quality index in the present study, where it represents a measure of the degree of the mold filled with molten polymer from the injection unit. The description of quality indexes is shown in Table 1 .
The quality of continuous injection molding processes is generally evaluated by comparing the part qualities of successive components. Accordingly, in the present study, the validity of the various pressure-based and force-based quality indexes described above was evaluated by examining the correlation between the quality indexes obtained at each of the monitoring positions (i.e., the load cell, nozzle, cavities, and tie bars) and the associated part quality, as determined by the thickness and weight of the molded component. In other words, for each quality index, the correlation index, r, was computed as where x and y are quality indicators, respectively. Depending on the value obtained for the correlation index, the degree of correlation between the quality index and the melt viscosity was classified as "strong," "medium," or "weak," as shown in Table 2 . Figure 4 shows the general layout of the proposed online quality inspection system based on the four quality indexes described above. The experimental trials considered a dumbbell-shaped specimen with a length of 125 mm, a central width of 13 mm, an end width of 19 mm, and a thickness of 1.2 mm ( Figure 5 ). The experiments were performed using two different ABS materials (both produced by Chi-Mei Corporation, Taiwan), namely, PA756 and PA756H. As shown in Table 3 , the two materials have the same recommended processing conditions. However, the melt flow index (MFI) of PA756 is lower than that of PA756H. In other words, PA756 has a higher viscosity than PA756H under the same injection conditions. The injection molding trials were performed using an all-electric injection molding machine (ROBOSHOT S-2000i100B, FANUC, Japan) with the specification shown in Table 4 .
Experimental Setup
As shown in Figures 6 and 7 , the measuring system consisted of four pressure sensors located at the load cell, nozzle, and two cavities of the dumbbell molding chamber (CP a and CP) , respectively, and four strain gauge sensors (SG a , SG b , SG c , and SG d ) attached to the four tie bars of the injection molding machine, respectively. The specifications of the various sensors are listed in Table 5 . Figure 7 ).
Results and Discussion

Effects of Melt Quality Fluctuations on Molded Part
Quality. Injection molding experiments were performed to examine the effects of the three main processing parameters, namely, the barrel temperature, back pressure, and screw rotational speed, on the part quality (as determined by the part weight and thickness). Figure 8 shows the average part weight and average part thickness as measured over 30 continuous shots performed using PA756 as the raw material and various values of the three processing parameters. The parameter settings are listed in Table 6 . For all values of the barrel temperature, back pressure, and screw rotational speed, a high correlation (r = 0.99) exists between the part thickness and the part weight. Therefore, the part weight can be regarded as a feasible indicator of the molded part quality.
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Barrel Temperature. Table 7 shows the processing parameters used to investigate the effect of the barrel temperature (205, 210, 215, and 220 ∘ C) on the flow ability of the molten polymer during the injection molding process. Figure 9 shows the corresponding results obtained for the four quality indexes and the molded part weight. It is seen in Figures 9(a) , 9(c), and 9(e) that the peak pressure, viscosity, and energy indexes derived from the load cell and nozzle pressure profiles reduce with an increasing barrel temperature. A higher barrel temperature reduces the viscosity of the molten polymer and therefore reduces the pressure required to drive the resin into the mold. As a result, the energy consumption also reduces. As the molten polymer leaves the nozzle and flows through the runner into the cavity, its Figure 9 : Variation of quality indexes and product weight with barrel temperature.
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Advances in Polymer Technology flow and compressive abilities increase. Moreover, the gatefrozen time is delayed with an increasing barrel temperature. Consequently, more molten polymer is forced into the cavity, and thus the peak cavity pressure and part weight increase, as shown in Figures 9(b) and 9(d), respectively. The energy consumption also increases, as shown in Figure 9 (f). The higher cavity pressure at higher barrel temperatures increases the mold separation effect, and hence the clamping force increment detected by the tie-bar elongation sensors also increases, as shown in Figure 9 (g). Finally, Figure 9 (h) shows that the screw feeding time increases by around 0.06 s as the barrel temperature increases from 205 to 220 ∘ C.
Back
Pressure. Table 8 shows the processing parameters used to investigate the effect of the back pressure (5, 10, 15, and 20 MPa) on the flow ability of the molten polymer during the injection molding process. Figure 10 shows the corresponding results obtained for the four quality indexes and molded part weight, respectively. It is seen in Figures  10(a) -10(f) that the peak pressure index, viscosity index, and energy index all increase with an increasing back pressure. A higher back pressure results in a greater density and viscosity of the molten polymer and therefore increases the pressure required to drive the resin into the mold. As a result, the energy consumption also increases. As the molten polymer leaves the nozzle and flows through the runner into the cavity, the varying back pressure does not change the gatefrozen time. However, the greater amount of molten polymer injected in the filling stage leads to an increased part weight, as shown in Figure 10 (f). Furthermore, the greater cavity pressure induced under a higher back pressure enhances the mold separation effect and therefore increases the clamping force increment, as shown in Figure 10 (g). A higher back pressure prolongs the screw retreating time in the plasticizing stage. Hence, the screw feeding time increases by almost 1.1 s as the back pressure is increased from 5 to 20 MPa, as shown in Figure 10 (h).
Screw Rotational
Speed. The effect of the shear rate on the quality of the molten polymer was investigated by performing injection tests with screw rotational speeds of 50, 100, 150, and 200 rpm, respectively. The remaining processing parameters were set as shown in Table 9 . Figure 11 shows the corresponding results for the four quality indexes and molded part weight, respectively. In general, the results show that the peak pressure, viscosity, and energy indexes which are obtained from the system, nozzle, and cavity pressure profiles vary only very slightly with the screw rotational speed Figure 11 : Variation of quality indexes and product weight with screw rotational speed. Figure 12 : Correlation between pressure-based quality indexes and product weight for various barrel temperatures.
(see Figures 11(a) -11(f)). However, the part weight increases slightly as the screw rotational speed increases. Consequently, the clamping force increment also increases slightly, as shown in Figure 11 (g). A higher screw rotational speed shortens the screw retreating time in the plasticizing stage. Consequently, the screw feeding time reduces by approximately 6.2 s as the screw rotational speed is increased from 50 to 200 rpm, as shown in Figure 11 (h).
Correlation between Quality Indexes and Part Quality.
As described in the previous section, the present study considered four different quality indexes, namely, the peak pressure, the viscosity, the energy, and the clamping force increment. Moreover, the first three indexes were monitored at four different positions, namely, the load cell of the injection molding system, the nozzle, and the two cavities of the mold die. The correlation between the index values and the quality (i.e., weight) of the injection-molded components was investigated for each of the processing conditions shown in Tables 7∼9. For each experimental setting, 30 injection tests were performed using PA756 as the raw material.
The correlation values obtained using Eq. (10) for each experimental setting were then averaged over the 30 samples to obtain a representative value for each index. Figures 12-14 show the corresponding results obtained for different barrel temperatures, back pressures, and screw rotational speeds, respectively. The results presented in Figure 12 confirm that the pressure-derived quality indexes are all highly correlated with the part quality for all values of the barrel temperature (i.e., r = -0.95∼-1.00 for the load cell and nozzle indexes and r = 0.99∼1.00 for the cavity indexes). For the experiments performed with different back pressures, the peak pressure, viscosity, and energy indexes present similarly high correlation values (r = 0.92∼1.00), as shown in Figure 13 . Finally, for the experiments performed with different screw rotational speeds, the peak pressure and viscosity indexes extracted from the load cell and nozzle pressure profiles exhibit a medium correlation with the part quality (r = -0.61∼-0.77) and while those extracted from the cavity pressure profiles have a strong correlation with the part quality (r = 0.73∼0.99) (see Figure 14) . Figure 15 shows the correlation coefficients between the clamping force index and the four molded part quality measures obtained in the experiments performed at different barrel temperatures, back pressures, and screw rotational speeds. The correlation coefficients for the experiments performed with different barrel temperatures and barrel speeds vary in the range of 0.96∼0.99, while those for the experiments performed with different screw rotational speeds vary in the range of 0.76∼0.89. In other words, the clamping force increment index has a good correlation with 14 Advances in Polymer Technology the part quality under various injection conditions and thus provides a feasible means of estimating the molten polymer quality during the injection molding process. Of the four pressure signals obtained from the proposed measurement system (i.e., the load cell pressure, the nozzle pressure, and the cavity void pressures (A and B) ), only those obtained at the load cell and nozzle (i.e., upstream of the actual injection molding process) provide a full history of the rheological changes which take place during mold filling. Therefore, the quality indexes extracted at the load cell and nozzle provide a better indication of the mold filling quality than those extracted from the cavity. In particular, the quality indexes obtained from the load cell and nozzle pressure profiles provide a better indication of the viscosity variations which take place during the initial filling stage, while those extracted from the cavity pressure profiles provide a better indication of the viscosity variations which take place at the end of filling and hence give a better estimation of the final part quality.
In general the results presented in Figures 12-15 show that all four quality indexes provide an effective means of estimating the melt quality. However, the clamping force increment index is particularly attractive for monitoring and control purposes since it not only provides a good indication of the melt quality, but is also operationally straightforward since it can be implemented using simple stick-on strain gauges without the need for cavity invasion.
Detection of Melt Quality Fluctuations.
To test the ability of the monitoring system to detect changes in the melt quality during continuous molding, injection molding experiments were performed using PA756 pellets for approximately 50 shots followed by the gradual addition of 20% PA756H pellets every 50 shots until 100% PA756H was achieved (see Table 10 ). Notably, PA756 and PA756H have a similar rheological behavior. However, as mentioned earlier, the melt flow index (MFI) of PA756H is higher than that of PA756. In other words, PA756 has a greater viscosity than PA756H and is thus expected to induce significantly different quality index responses. Figures 16 and 17 show the shot-by-shot variations in the clamping force increment index, peak pressure index, viscosity index, and energy index, respectively. The results confirm that when the PA756 pellets are gradually replaced with PA756H, the clamping force increment quality index and part weight increase (see Figures 16(a) and 16(b) ). In other words, the ability of the proposed quality indexes to reveal crude changes in the viscosity of the molten polymer induced by a change in the raw material is confirmed. The peak pressure, viscosity, and energy quality indexes derived from the load cell and nozzle pressure profiles decrease with an increasing PA756H addition. By contrast, the quality indexes derived from the cavity pressure profiles increase. For both materials, all of the quality indexes fluctuate continuously over the course of the shot-by-shot injection process. In other words, all of the quality indexes provide the means to detect subtle changes in the viscosity (i.e., melt quality) from one shot to the next. Figure 18 shows the correlation coefficients between the various quality indexes and the part weight, as evaluated using the measurement results obtained in the shot-by-shot injection tests. All of the quality indexes exhibit a strong correlation with the part weight. In particular, the quality indexes computed from the signals acquired at the load cell and nozzle, respectively, have a strong negative correlation with the part weight, while those derived from the cavity pressure signals and measured clamping force, respectively, exhibit a strong positive correlation with the part weight. Overall, the results confirm that all of the quality indexes can be used to predict the quality of the molded parts.
Detection of Changes in V/P Switchover Position.
A final series of experiments was performed to confirm the ability of the clamping force increment quality index to detect variations in the part quality caused by changes in the V/P switchover position. Table 11 shows the corresponding processing parameters. As shown, the V/P point was initially set as 15 mm and was then adjusted to a new value every 5 shots. Figure 19 confirms that the clamping force quality index is strongly correlated with the part weight for all values of the V/P switchover position. For the nominal V/P position ( force increment are 544 kN and 3.01 kN, respectively, while the average value and range of the part weight are 4.815 g and 0.010 g, respectively. In general, the results show that, for minor changes of the V/P switchover position from the nominal position, the part weight varies only very slightly. Nonetheless, this small change in the part weight can still be predicted by the single clamping force increment or total clamping force increment index. In other words, the feasibility of the proposed clamping force increment index for estimating the part quality is further confirmed.
Conclusions
The mechanical and physical properties of injection-molded components are critically dependent on the viscosity of the molten polymer. However, the polymer materials used in the injection molding process have a complex rheological behavior, and hence the viscosity tends to vary from cycle to cycle. Consequently, online methods for monitoring changes in the part quality are essential in predicting the quality of the final molded components and adjusting the processing parameters accordingly. This study has thus proposed three quality indexes derived from the pressure profiles obtained at the system load cell, nozzle, and molding cavities, respectively, and an additional quality index derived from the clamping force increment measured at the tie bars of the injection molding machine. These types of part quality indexes are revealed to monitor the quality variations of molten polymer. The experimental results support the following main conclusions. (1) The plasticization parameter settings affect the initial quality of the molten polymer and therefore influence the final part weight. The barrel temperature and back pressure have a particularly strong effect on the part quality. By contrast, the screw rotational speed has a more minor effect since it acts for only a short duration. Overall, the results show that the three plasticization parameters can be ordered in terms of 18 Advances in Polymer Technology a decreasing effect on the part quality as follows: (i) barrel temperature, (ii) back pressure, and (iii) screw rotational speed.
(2) The quality indexes revealed in this work all provide a good indication of the injection molding quality under the considered processing conditions. Particularly, the quality of the molten polymer at the initial filling stage and the end of filling is quite different. The pressure signals obtained from upstream of the injection molding process provide a full history of the rheological change which takes place during mold filling. Therefore, the related quality indexes provide a good indication of the viscosity during the initial filling stage. By contrast, the quality indexes extracted from the downstream only reflect final molded part quality. Anyhow, these quality indexes, in particular with the clamping force increment index, have a strong correlation with the part qualities and they can all be used to predict the quality of the molded part.
(3) When PA756 pellets are gradually replaced with PA756H pellets with a lower viscosity, quality indexes derived from the cavity pressure signals and clamping force increase.
(4) The clamping force increment quality index is capable of detecting even very small (∼0.2 mm) changes in the V/P switchover position.
(5) All of investigated quality indexes in this work provide a feasible means of detecting changes in molded part quality. In particular, clamping force increment quality index can be implemented using simple stickon strain gauges and requires no modification or invasion of the injection molding system or cavity. Accordingly, it provides a particularly attractive solution for the online monitoring and control of the injection molding process.
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